The natural variation in the susceptibilities of gram-positive bacteria towards the bacteriocins nisin and pediocin PA-1 is considerable. This study addresses the factors associated with this variability for closely related lactic acid bacteria. We compared two sets of nonbacteriocinogenic strains for which the MICs of nisin and pediocin PA-1 differed 100-to 1,000-fold: Lactobacillus sake DSM20017 and L. sake DSM20497 and Pediococcus dextrinicus and Pediococcus pentosaceus. Strikingly, the bacteriocin-sensitive and -insensitive strains showed a similar concentration-dependent dissipation of their membrane potential (⌬⌿) after exposure to these bacteriocins. The bacteriocin-induced dissipation of ⌬⌿ below the MICs for the insensitive strains did not coincide with a reduction of intracellular ATP pools and glycolytic rates. This was not observed with the sensitive strains. Analysis of membrane lipid properties revealed minor differences in the phospho-and glycolipid compositions of both sets of strains. The interactions of the bacteriocins with strain-specific lipids were not significantly different in a lipid monolayer assay. Further lipid analysis revealed higher in situ membrane fluidity of the bacteriocin-sensitive Pediococcus strain compared with that for the insensitive strain, but the opposite was found for the L. sake strains. Our results provide evidence that the association of bacteriocins with the cell membrane and their subsequent insertion take place in a similar way for cells that have a high or a low natural tolerance towards bacteriocins. For insensitive strains, overall membrane constitution rather than mere membrane fluidity may preclude the formation of pores with sufficient diameters and lifetimes to ultimately cause cell death.
Bacteriocins from lactic acid bacteria (LAB) are ribosomally synthesized antimicrobial peptides of a cationic, amphiphilic nature. Their antimicrobial activity is directed towards grampositive bacteria, while the cells that produce the bacteriocins are insensitive (7, 36, 47) . The potential of these peptides for ensuring the microbial safety and quality of various food products has provoked great interest (reviewed in reference 51). Three major classes of bacteriocins have been distinguished: lantibiotics (class I), small heat-stable nonlantibiotics (class II), and large heat-labile proteins (class III) (34, 44) . Nisin is the best-characterized class I bacteriocin of LAB (30) and, to date, the only bacteriocin that has been accepted by the World Health Organization as a preservative in foods. The action of pediocin PA-1, a class II bacteriocin which is identical to pediocin AcH (27, 43) , has been described in detail by several investigators (7, 10) . Class I and II bacteriocins are believed to form pores in the membranes of target cells through a "barrelstave" mechanism, which involves the binding of monomers to the membrane, their insertion into the membrane, and finally their aggregation, leading to the formation of pores surrounding a central core (45, 57) . Alternatively, a "wedge" model has been proposed as a mode of action for nisin whereby monomers associate with the membrane surface and cause the destabilization of the bilayer structure, thereby promoting the formation of a wedge-state pore (16) . Pore formation by bacteriocins causes a rapid efflux of small cytoplasmic molecules and ions from the target cells and the collapse of the proton motive force (PMF), which may lead to cell death (10, 20, 49 ). Yet, the molecular mechanisms by which nisin and pediocin PA-1 act appear to differ considerably. Whereas nisin is believed to inhibit the growth of sensitive organisms in a voltagedependent way in the absence of a protein receptor (16, 20) , pediocin PA-1 has been suggested to act in a voltage-independent protein receptor-mediated way (7, 10) . However, it was demonstrated recently that pediocin PA-1 can function in the absence of a protein receptor (9) .
The success of the application of bacteriocins or bacteriocinogenic LAB to eliminate or inhibit the growth of pathogenic or spoilage bacteria in complex food systems depends on multiple factors. Firstly, the effectiveness of the excreted bacteriocins can be compromised by proteolytic cleavage through the action of enzymes originating from the product or from endogenous microflora. In addition, the prolonged exposure of bacteria to bacteriocins may induce resistance to these compounds (12, 42) . Moreover, bacteriocinogenic LAB used for the suppression of pathogens need a competitive advantage over phylogenetically related genera (or species) that may be present in the same ecological niche. The excretion of a bacteriocin may provide such an advantage, but the inhibitory action of these antimicrobial peptides against gram-positive bacteria can vary considerably between different genera, species of genera, identical species, and even identical cultures under different environmental conditions (1, 26, 34) . Adequate control of the growth of the pathogens and the competing microflora requires extensive knowledge of factors that determine bacteriocin susceptibility.
Thus far, the majority of studies on bacteriocin susceptibility have been performed with bacteriocin-sensitive strains and their variants which gained bacteriocin resistance through serial passages in bacteriocin-containing media. This has been shown to yield cultures of trained variants for which MICs are 2 to 10 times higher than those for the original cultures (12, 25, 39, 42) . Both cell wall constitution and membrane lipid composition have been demonstrated to be involved in such acquired bacteriocin resistance (13, 39, 42) . However, observations that the stability of this acquired resistance can be variable and may be lost upon subculturing in medium without the bacteriocin (42, 48) indicate that trained bacteriocin resistance might be related to a more general adaptive response of the cells. The factors that account for the naturally occurring variability in bacteriocin susceptibility have yet to be clarified.
The present study was conducted to obtain better insight into the natural variation in bacteriocin sensitivity of closely related LAB that can be present in the same ecological niche. Therefore, two sets of strains with 100-to 1,000-fold differences in sensitivity were selected. Having studied the effect of nisin and pediocin PA-1 on the glycolysis, intracellular ATP (ATP in ) pools, and membrane potential (⌬) of whole cells in conjunction with membrane lipid properties, we suggest that the differences in bacteriocin susceptibility of LAB are associated not only with variation in membrane lipid composition but also with overall membrane composition.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The LAB strains used throughout this study were Pediococcus dextrinicus DSM20335, which is bacteriocin sensitive (Bac s ), Pediococcus pentosaceus DSM20336, which is bacteriocin insensitive (Bac r ), and Lactobacillus sake DSM20017 (Bac s ) (all type strains) and L. sake DSM20497 (Bac r ). The identity of the last strain has previously been confirmed by DNA-DNA homology analysis (31) . Strains that were used in the initial screening for bacteriocin sensitivity are listed in Table 1 . All Lactobacillus, Leuconostoc, and Pediococcus strains were grown in MRS broth (Oxoid, Basingstoke, England). Strains of Carnobacterium, Enterococcus, Lactococcus, and Streptococcus were grown in M17 broth (Oxoid) supplemented with 0.5% (wt/ vol) glucose (GM17). The following bacteriocin-producing strains were used: Lactococcus lactis subsp. lactis NCDO 497, which produces nisin A; Pediococcus acidilactici PAC1.0, which produces pediocin PA-1 (40) (provided by A. M. Ledeboer, Unilever Research Laboratory, Vlaardingen, The Netherlands); Carnobacterium piscicola UI49, which produces carnobacteriocin UI49 (52); L. sake DSM6333, which produces sakacin A (29); and Enterococcus mundtii ATO6, which produces mundticin (3a) . Cultivations were performed statically at 30°C unless stated otherwise.
Bacteriocin preparations. Strains producing nisin A or pediocin PA-1 were grown to the late exponential phase. After the removal of the cells by centrifugation, the supernatant was adjusted to pH 6.0 and filter sterilized, with 0.2-mpore-size filters (Costar, Cambridge, Mass.). The supernatant containing pediocin PA-1 was concentrated 10-fold by freeze drying and resuspension in water, while the supernatant containing nisin was used directly to determine the sensitivities of various LAB (see Table 1 ) towards these bacteriocins.
For further experiments, pediocin PA-1 was purified from culture supernatant of P. acidilactici PAC1.0 as described by Bennik et al. (3) ; after ammoniumsulfate precipitation, pediocin PA-1 was purified to homogeneity by hydrophobic-interaction, cation-exchange, and gel filtration chromatography. Nisin A was purified from a commercially available preparation containing 2.5% nisin (Sigma Chemical Co., St. Louis, Mo.), which was dissolved in water. After precipitation of the whey proteins from this solution by centrifugation, nisin was purified to homogeneity by using the hydrophobic-interaction, cation-exchange, and gel filtration columns as described previously (3) .
The purified nisin and pediocin PA-1 preparations were desalted by ultrafiltration (molecular weight cutoff, 3,000; Costar) with 10 mM potassium 2-(Nmorpholino)ethanesulfonic acid (K-MES) buffer (pH 5.5) containing 20% ethanol. The homogeneity of the final samples was confirmed by reversed-phase chromatography on a C 2 -C 14 RPC 3.2/30 column (Smart System) with a linear gradient (20 to 95% ethyl alcohol-0.1% trifluoroacetic acid for 30 min, 100 l ⅐ min Ϫ1 ). All purification steps were performed at room temperature. All chromatographic equipment was obtained from Pharmacia Biotechnology, Uppsala, Sweden.
Determination of bacteriocin sensitivity and MICs. Bacteriocin sensitivities of indicator organisms were determined in duplicate by a critical dilution assay. Twofold-diluted bacteriocin solutions (50 l) were prepared in MRS or GM17 broth by using 96-well microtiter plates (Costar). The wells were filled with a mixture of the indicator strain (grown to an optical density at 660 nm [OD 660 ] of 0.9) and the appropriate culture medium (at a ratio of 1:9) to a final volume of 200 l. After 6 h of incubation at 30°C, growth was evaluated by measuring the OD 655 in a microplate reader (Model 3550-UV; Bio-Rad, Richmond, Calif.).
The bacteriocin sensitivities of the tested strains were calculated from the reciprocal of the highest dilution of the bacteriocin preparation that inhibited growth of the indicator strain by 50% and expressed in bacteriocin units per milliliters. Furthermore, the MIC of nisin or pediocin PA-1 was calculated from the lowest concentration at which the growth of the indicator strain was inhibited.
Bacteriocin degradation by extracellular protease. Extracellular proteases were extracted from cells of bacteriocin-sensitive and -insensitive strains by the method of Mills and Thomas (41) . Cells were grown in 500 ml of MRS broth containing 10 mM CaCl 2 at 30°C, harvested at an OD 660 of 0.7, and washed twice in 50 mM K-MES-10 mM CaCl 2 buffer (pH 6.3). Cells were resuspended in 1 ml of 20 mM Tris HCl (pH 7.8) in the absence of CaCl 2 and incubated without stirring (for 30 min at 30°C). After the removal of cells by centrifugation, the supernatant containing extracellular proteases was kept on ice. After the protein concentration was determined, the extracts were diluted in 50 mM K-MES (pH 6.0) to a final concentration of 0.2 mg of protein ⅐ ml
Ϫ1
. Directly afterwards, purified nisin (130 g ⅐ ml Ϫ1 ) was incubated with these solutions with final protein extract concentrations of 13 g of nisin per ml and 0.1 mg of protein per ml. Following incubation (for 1 and 2 h at 30°C), solutions of nisin incubated with the protein extracts, the protein extracts alone, or nisin without the protein extracts were analyzed on a Superdex Peptide gel filtration column as described previously (3), and antimicrobial activity was monitored.
Determination of glycolysis rate. Exponential-phase cultures (OD 660 of 0.8) of selected LAB were harvested by centrifugation and washed twice in a 0.5 mM potassium-piperazine-N-NЈ-bis(2-ethanesulfonic acid) (K-PIPES)-0.5 mM K-HEPES-0.5 mM K-MES buffer (polybuffer; pH 6.0 or 7.6) containing 50 mM KCl. (Cultures were grown to an OD 660 of 0.8 instead of 0.7. The viability of these cells was better when they were stored on ice; thereby, the reproducibility of the assay was increased. Freshly harvested cells at OD 660 of 0.7 and 0.8 had the same responses.) The cells were concentrated (Ϸ50-fold) and kept on ice until use. Washed cells were diluted in the appropriate buffer (pH 6.0 or 7.6) in a temperature-regulated vessel (5 ml at 30°C) to a density of 0.2 mg of bacterial protein per ml. Following equilibration, the cells were energized with the fermentable substrate glucose (final concentration of 0.2% [wt/vol]). The recorded pH changes were converted into micromoles of H ϩ released by calibration of the buffer with a standardized HCl solution.
Glycolysis rates were determined in the presence or absence of purified nisin, purified pediocin PA-1, or the protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP). Fivefold serial dilutions of these substances were added to the above-mentioned vessel, with the highest final concentrations being 5 and 0.80 g ⅐ ml Ϫ1 and 100 M, respectively. For the experiments performed in polybuffer with a pH of 6.0, additions were made at a pH of 5.7; when the polybuffer had a pH of 7.6, additions were made at a pH of 7.3.
Acid analysis. Acid produced by LAB during glycolysis was analyzed by highpressure liquid chromatography by the method of Gosselink et al. (23) with an Ionpak KC-811 column (300 by 8 mm [inside diameter]; Shodex, Tokyo, Japan) packed with strong cation-exchange resin gels. Acids produced by LAB during glycolysis were examined under standard glycolysis conditions in the presence or absence of CCCP (final concentrations of 10 or 100 M, respectively) with polybuffer whose pH was 6.0. Samples (0.5 ml) were taken after 15 and 45 min of incubation. After removal of the cells by centrifugation, the acid composition of 50 l of filtered (0.2-m pore size) supernatant was analyzed.
Intracellular pH measurements. The intracellular pH of the LAB strains in the absence or presence of CCCP (maximum, 10 M; fivefold serial diluted) was determined based on the method of Breeuwer et al. (5) . Harvested cells (OD 660 of 0.7) were washed and resuspended in 50 mM K-HEPES buffer (pH 8.0). Subsequently, the cells were incubated for 10 min at 30°C in the presence of 1 M carboxyfluorescein diacetate succinimidyl ester (cFDASE) (Molecular Probes Europe, Leiden, The Netherlands), washed, and resuspended in 50 mM potassium phosphate buffer (pH 6.5). In the cytoplasm, cFDASE is hydrolyzed to carboxyfluorescein succinimidyl ester (cFSE) and subsequently conjugated to aliphatic amines. To eliminate nonconjugated cFSE, the cells were incubated in the presence of glucose (0.2% wt/vol). After being washed, the cells were diluted to a concentration of 0.013 mg of bacterial protein per ml in a 3-ml glass cuvette and placed in the cuvette holder (equipped with a stirrer and a thermostat) of the spectrofluorometer (Perkin-Elmer LS 50B). Fluorescence intensities at the emission wavelength of 530 nm were measured at excitation wavelengths of 500 and 440 nm by rapidly altering the monochromator between the two wavelengths. The calculation of the intracellular pH from the 500-to-440-nm ratios was described previously (5) .
Determination of ATP in and ATP out . Exponential-growth-phase cells of bacteriocin-sensitive and -insensitive LAB (OD 660 of 0.8) were harvested, washed twice in 50 mM potassium phosphate buffer (pH 5.7 or 7.3), and concentrated (Ϸ50-fold). Washed cells were subsequently diluted in phosphate buffer (pH 5.7 or 7.3) to a concentration of 0.2 mg of protein per ml in a temperature-controlled vessel at 30°C. Glucose was added to a final concentration of 0.5% (wt/vol), and after 5 min of incubation, purified nisin (final concentrations of 0.2 or 5 g ⅐ ml Ϫ1 ), purified pediocin (final concentrations of 0.8 or 0.08 g ⅐ ml Ϫ1 ), or CCCP (final concentration of 20 M) was added. A control experiment was run. ATP in and ATP out concentrations were determined at regular time intervals by separating the cells from the external medium by silicon oil centrifugation (54) . Specifically, samples (500 l) from a cell suspension were transferred to microcentrifugation tubes containing 750 l of a 2:1 mixture of silicon oil AR200 ( ϭ 1.05 g ⅐ ml
) and silicon oil AR20 ( ϭ 0.96 g ⅐ ml Ϫ1 ) (Wacker Chemicals, Munich, Germany) on top of a layer of 100 l of 10% (wt/vol) trichloroacetic acid with 2 mM EDTA. The cells were spun through the silicon oil (for 5 min at 12,000 ϫ g), and samples (5 l) of both aqueous layers were taken to determine the ATP content by using the firefly luciferase assay as described by Lundin and Thore (38) . Luminescence was recorded using a model 1250 luminometer (BIOOrbit, Turku, Finland).
Monitoring ⌬ with a fluorescent probe. Cells of selected LAB (OD 660 of 0.8) were washed twice in 50 mM K-HEPES buffer (pH 7.0), concentrated (Ϸ50-fold), and stored on ice until use. Washed cells were diluted (Ϸ200-fold) in this buffer, which contained the fluorescent dye 3,3-dipropylthiacarbocyanine (DiSC 3 [5] ) (5 M) (Molecular Probes Europe), to a density of 0.05 mg of bacterial protein per ml. ⌬ was monitored with DiSC 3 (5) (excitation wavelength, 643 nm; emission wavelength, 666 nm) with a Perkin-Elmer LS 50B spectrofluorometer at 25°C. Following equilibration, ⌬ was built up by the addition of glucose (final concentration of 0.2% [wt/vol]) in the presence of the K ϩ /H ϩ exchanger nigericin (5 M). At the maximum ⌬, purified nisin (final concentration of 7.8 ϫ 10 Ϫ1 , 7.8 ϫ 10
Ϫ2
, or 7.8 ϫ 10 Ϫ3 g ⅐ ml
Ϫ1
) or pediocin PA-1 (final concentration of 9.3 ϫ 10 Ϫ2 , 4.7 ϫ 10 Ϫ2 , or 2.3 ϫ 10 Ϫ2 g ⅐ ml
) was added to the cells. Valinomycin (2 M) was used as a control.
Lipid extraction and analysis. Lipid extractions of LAB were performed by the method of Bligh and Dyer (4) as detailed by Kates (32) . Exponential-growthphase cells (OD 660 of 0.7) of 2-liter cultures were harvested by centrifugation, washed twice in 50 mM potassium phosphate buffer (pH 6.9) containing 5 mM MgSO 4 , and concentrated 250-fold. Prior to lipid extraction, concentrated cell suspensions were incubated with lysozyme (3 mg) and mutanolysin (150 U) for 45 min at 37°C to degrade glycosidic bonds of the cell wall glycan layer.
The lipid composition of the extracts was determined by thin-layer chromatography (TLC) (silica 60; Fertigplatten, Merck, Germany) with chloroformmethanol-acetic acid-water (85:15:10:3.5 by volume). General lipid staining was performed with I 2 vapor, glycolipids were indicated by spraying with ␣-naphthol (0.5 g in 100 ml of methanol-water [1:1]), and phospholipids were visualized with sulfuric acid in water (95% [vol/vol]). Plates were heated at 90°C until maximal staining intensity of the glycolipids (blue-purple) and the polar lipids (yellow) was observed (32) . The R f values of individual spots were compared to the reference phospholipids diphosphatidylglyceride (DPG or cardiolipin), phosphatidylglyceride (PG), phosphatidyl choline, phosphatidylethanolamine, phosphatidyl serine, and lysophosphatidylglyceride (LPG) and the glycolipids monogalactosyldiacylglycerol and digalactosyldiacylglycerol (Sigma). These reference lipids included phospholipids previously reported to be present in lactobacilli and pediococci, i.e., PG, DPG, LPG, and phosphatidic acid (17, 46) .
Analysis of the fatty acids of lipid extracts was performed in duplicate by gas-liquid chromatography. Aliquots of the total lipid extracts were used for the preparation of fatty acid methyl esters by transmethylation with concentrated 2.5% H 2 SO 4 (vol/vol) in anhydrous methanol. The fatty acid methyl esters were extracted with petroleum ether (boiling point, 60 to 80°C) and subsequently separated isothermally at 165°C by gas-liquid chromatography with a PerkinElmer F33 gas chromatograph equipped with a glass column (1 m by 4 mm [inside diameter]) packed with 5% (wt/wt) SP2100 (Supelco, Bellefonte, Pa.) at the stationary phase. Fatty acid methyl ester compositions were determined by measuring peak areas after identification, with authentic standards and comparison of retention times.
Monolayer experiments. The change in surface pressure of bacterial lipid monolayers after the addition of bacteriocin was considered as a measure of penetration of the peptide into the surface lipid phase by using the Wilhelmy plate method at 30°C (19) . Monolayers with initial surface pressures of 18 to 40 mN ⅐ m Ϫ1 were formed by spreading purified bacterial total lipid extracts (dissolved in chloroform) on a subphase of 10 mM Tris buffer (pH 7.4). These purified lipid extracts were obtained by the conversion of the anionic lipids to their sodium salts and the removal of proteins from the lipid extract by silica column chromatography (33) . A saturating concentration of purified nisin or pediocin PA-1 (1 g ⅐ ml
) was added to the continuously stirred subphase through a small injection channel. The increase in surface pressure as a result of the added bacteriocin was monitored until the surface pressure became stable.
Whole-cell membrane lipid-phase transition temperature. For each strain of LAB, two separate batches of exponential-growth-phase cells (OD 660 of 0.7) were harvested and washed twice with 50 mM potassium buffer (pH 6.0). The wet bacterial pellet was placed between two CaF 2 windows, and subsequently, Fourier transform infrared (FTIR) spectra were recorded on a Perkin-Elmer 1725 spectrometer equipped with a liquid-nitrogen-cooled mercury-cadmium-telluride detector and a Perkin-Elmer microscope interfaced to a personal computer. The FTIR spectra to study the phase-transition temperature of lipids in whole cells were recorded in a temperature-controlled cell. After the samples were cooled to Ϫ50°C, they were slowly heated (1°C/min), and a spectrum was recorded every 2 to 3°C. Each spectrum was the average of 32 scans at each temperature. Membrane fluidity was monitored by observing the band position of the CH 2 symmetric stretch band around 2,850 cm Ϫ1 . The spectral region between 3,000 and 2,800 cm Ϫ1 was selected, and second derivative spectra were calculated. The second derivative spectrum was normalized, and the band position was calculated as the average of the spectral positions at 80% of the total peak height. Plotting of the wave number (expressed per centimeter) against temperature resulted in a curve from which the phase-transition temperature was determined.
Protein determination. Protein concentrations of bacterial cells were determined by the method of Lowry et al. (37) . Protein concentrations of purified bacteriocin preparations were assayed by using the NanoOrange Protein Quantitation kit (Molecular Probes Europe) according to the manufacturer's instructions. In both assays, bovine serum albumin was used as a standard.
RESULTS
Sensitivity of LAB to bacteriocins. To select strains with high and low bacteriocin sensitivities, 20 strains of LAB were examined for their sensitivities towards nisin and pediocin PA-1 in a critical dilution assay (Table 1) . Seven strains were relatively insensitive towards the two bacteriocins, three strains showed high sensitivity, and the remaining ten strains were moderately sensitive. Two strains of identical species with the highest difference in bacteriocin sensitivity were selected for further studies: the bacteriocin-sensitive (Bac s ) L. sake DSM20017 and the relatively bacteriocin-insensitive (Bac r ) strain L. sake DSM20497. In addition, two different species of the same genus were selected, namely the Bac s P. dextrinicus DSM20335 and the Bac r P. pentosaceus DSM20336, based on the same criterion. The difference in the bacteriocin sensitivities of the strains is reflected by the different MICs of the bacteriocins for the strains (Table 2) . Similar nisin and pediocin PA-1 concentrations were needed to inhibit the growth of the two selected sensitive strains, whereas 100-to 1,000-fold-higher concentrations were required to inhibit the growth of the insensitive strains. Full inhibition of the growth of the insensitive strains by the protonophore CCCP was observed at concentrations only twofold higher than those required for the sensitive strain ( Table 2 ). Production of bacteriocins by the four selected strains could not be detected with the indicator strains listed in Table 1 . We tested the sensitivities of the four selected strains towards the class I bacteriocin carnobacteriocin UI49 (52) and two class IIa bacteriocins, sakacin A (29) and mundticin (a novel bacteriocin) (3a), in addition to nisin and pediocin PA-1. This indicated similar differences in the sensitivities of the sensitive and insensitive strains (data not shown).
Bacteriocin degradation. Since the inactivation of bacteriocins by extracellular proteolytic activity could explain differences in the bacteriocin sensitivities, peptide cleavage was tested by the coincubation of nisin with extracellular proteins extracted from each of the four selected strains. No degradation of nisin or decrease in antimicrobial activity was observed after 2 h of incubation at 30°C for any of the strains.
Effect of bacteriocins on glycolysis. The insertion of bacteriocins into the cell membrane can result in the dissipation of the PMF and the efflux of cytoplasmic components (6, 10) . To evaluate differences in the bacteriocin sensitivities of the selected strains, the effect of bacteriocins on the glycolytic activities of cells was analyzed. Exponential-growth-phase glycolyzing cells which were energized with the fermentable substrate glucose (referred to hereafter as glucose-energized cells) were therefore exposed to different concentrations of nisin and pediocin PA-1 at extracellular pHs (pH out ) of 5.7 and 7.3, respectively. The direct effect of the PMF dissipation on the glycolysis of cells was determined by the addition of the protonophore CCCP.
First, the actual insertion of CCCP into the cytoplasmic membrane was assessed by the measurement of the intracellular pH (pH in ) of the glucose-energized cells with the fluorescent probe cFSE. The rapid dissipation of the pH gradient confirmed the action of CCCP against each of the selected strains at concentrations exceeding 10 M (data not shown). The influence of CCCP on the glycolytic activities of these strains is represented in Fig. 1 (left panels) . Exposure of the two L. sake strains to the highest CCCP concentration at a pH out of 7.3 resulted in only slightly inhibited glycolysis, whereas CCCP added at a pH out of 5.7 caused a significant reduction in the glycolysis rates at concentrations of 4 to 20 M. By contrast, the glycolysis of Bac s P. dextrinicus and Bac r P. pentosaceus was not inhibited by CCCP at either of the pH values tested.
The addition of nisin at a pH of 5.7 resulted in reduced glycolysis rates for all selected strains, but a concentration more than 100-fold higher was needed to inhibit the glycolysis of Bac r L. sake and P. pentosaceus (Fig. 1B and D , middle panels) compared with that of Bac s L. sake and P. dextrinicus (Fig. 1A and C, middle panels) . For each strain, the reduction of the glycolysis in the presence of equal nisin concentrations was less pronounced at pH 7.3 than at pH 5.7 (Fig. 1, middle  panels) . The addition of pediocin PA-1 at pH 5.7 also caused a reduction in the glycolysis rates for the selected strains, and again, higher concentrations were needed (Ϸ50-fold) for the inhibition of the insensitive strains than for the sensitive strains (Fig. 1, right panels) . The glycolysis rates of Bac r L. sake and P. pentosaceus gradually decreased at pediocin PA-1 concentrations exceeding 8 ϫ 10 Ϫ2 g ⅐ ml
Ϫ1
, but even at the highest concentration, 15 and 55% of the initial glycolysis rates were maintained, respectively. When pediocin PA-1 was added at pH 7.3, the same trends were observed; however, the pediocin PA-1 concentrations were fivefold higher (Fig. 1, right panels) . In the absence of bacteriocins or CCCP, the maximum glycolysis rates of the two L. sake strains were comparable (Fig.  1) . By contrast, the glycolysis rate of Bac s P. dextrinicus was only 40% of the rate of Bac r P. pentosaceus (Fig. 1) . Acid analysis of cell suspensions confirmed homolactic fermentation under standard glycolysis assay conditions (initial pH, 7.3) for the four different organisms with and without CCCP (data not shown).
Effect of bacteriocins on ATP in pools. The addition of nisin at a higher concentration than required for the inhibition of the growth of all selected strains (5 g ⅐ ml Ϫ1 ) caused a total loss of ATP in from Bac s L. sake and P. dextrinicus and an increase of ATP out within 2 min. The sum of the ATP in and ATP out remained constant, which indicated that the reduction in ATP in resulted directly from leakage (data not shown). Exposure of Bac r L. sake and P. pentosaceus to this high nisin concentration resulted in a more gradual reduction of the ATP in to approximately 10% of the initial concentration within 5 min. The sum of ATP in and ATP out slightly decreased with time, suggesting that the reduction in ATP in was a result of ATP leakage, with a minor contribution of ATP hydrolysis (data not shown). Nisin was also added to the selected strains at pH 5.7 at a concentration that was inhibitory to the growth of the sensitive strains but not to that of the insensitive strains (0.2 g ⅐ ml Ϫ1 ) ( Table 2 ). Again, this resulted in a rapid total loss of ATP in and an increase of ATP out for the two sensitive strains ( Fig. 2A and C) . However, Bac r L. sake showed only a small decrease in ATP in and a slight increase in ATP out under these conditions. Moreover, Bac r P. pentosaceus showed neither a reduction in ATP in nor an increase in ATP out . When nisin (0.2 g ⅐ ml Ϫ1 ) was added at pH 7.3, similar results were obtained (data not shown).
The selected strains were also exposed to a concentration of pediocin PA-1 that was inhibitory to the growth of all strains (1.5 g ⅐ ml
). This resulted in a gradual decrease of ATP in to approximately 30% of the initial value within 5 min for both sensitive strains, whereas a reduction of approximately 50% was found for the insensitive strains. ATP leakage was not observed (data not shown). Furthermore, pediocin PA-1 was added at a concentration (8 ϫ 10 Ϫ2 g ⅐ ml
) Fig. 2A and C) . Exposure of the insensitive strains to this pediocin PA-1 concentration led to a minor decrease in the ATP in of Bac r L. sake in the absence of ATP leakage (Fig. 2B) , whereas the ATP in and ATP out concentrations of Bac r P. pentosaceus were unaffected (Fig. 2D) . When pediocin PA-1 (8 ϫ 10 Ϫ2 g ⅐ ml Ϫ1 ) was added at pH 7.3, similar results were obtained (data not shown). ⌬ of whole cells. The influence of bacteriocins on the ⌬ of whole cells was investigated for each of the selected strains with different final concentrations of nisin or pediocin PA-1. At increasing bacteriocin concentrations, both a higher rate of ⌬ reduction and a lower final ⌬ were observed for the four different strains with the ⌬ indicator DiSC 3 (5) (Fig. 3) . The responses of Bac s L. sake and Bac r L. sake after the addition of nisin or pediocin PA-1 were similar, even though the former strain is 500-to 1,000-fold more sensitive towards these bacteriocins ( Fig. 3A and B) . Comparable ⌬ responses at different nisin and pediocin PA-1 concentrations were also observed for Bac s P. dextrinicus and Bac r P. pentosaceus, whose sensitivities towards the two bacteriocins differ more than 100-fold ( Fig. 3C and D) . Whereas the addition of nisin at the highest concentration caused the complete dissipation of the ⌬ (compared to the addition of valinomycin [control] ), the full dissipation of the ⌬ by pediocin PA-1 was not observed for the different strains at the maximum concentration applied.
Membrane glyco-and phospholipid composition and the interaction between bacteriocins and lipid monolayers. The initial association of bacteriocins with the phospholipid bilayer ) (Ç å). A cell density of 0.2 mg of bacterial protein ⅐ ml Ϫ1 in 50 mM potassium phosphate buffer (pH 5.7) was used, and inhibitory substances were added at 0 min. Values represent the averages of duplicate experiments. may be influenced by the (di)acylglycerol head group composition of the membrane lipids. To determine possible differences between the phospho-and glycolipid compositions of strains sensitive and insensitive towards bacteriocins, extracted lipids of the four selected strains were analyzed by TLC. As shown in Table 3 , each strain contained the major phospholipid DPG in addition to a major glycolipid (R f ϭ 0.47) which was not further characterized. The migration profile of the latter compound was similar to the reference digalactosyldiacylglycerol (R f ϭ 0.44) and probably indicated the presence of a dihexosyldiacylglycerol containing stereo isomers of galactose, since the most abundant glycolipid of lactobacilli has been identified as galactosylglucosyl-diacylglycerol (17, 46 ). Only Bac s P. dextrinicus contained an additional major glycolipid (R f ϭ 0.23) that was not further studied (Table 3 ). In addition, one minor phospholipid (R f ϭ 0.94) and two minor glycolipids (R f s ϭ 0.06 and 0.90) were observed for each strain (data not shown). Lysozyme treatment did not result in a higher yield of crude lipid extract from the cell pellets, whereas the lipid head group composition was similar to that for extraction without lysozyme.
The impact of the differences in the diacyl head group composition on the interactions between bacteriocins and lipids was evaluated by determining the interaction of the lipid extracts of the four selected strains with either nisin or pediocin PA-1 by using monomolecular lipid layers. Peptide-induced pressure changes of the lipid film were interpreted as partial penetration of the peptide into the lipid phase. The nisininduced pressure changes in the lipid monolayers of the bacteriocin-sensitive or -insensitive strains were not significantly different from each other (Fig. 4) . The surface pressure changes induced by pediocin PA-1 were much lower than those for nisin; a pressure increase of only 3 mN ⅐ m Ϫ1 at an initial surface pressure of 18 mN ⅐ m Ϫ1 was observed for the lipid monolayers of both the sensitive and insensitive strains, whereas a pressure increase did not occur in the initial pressure range of 30 to 35 mN ⅐ m Ϫ1 (data not shown). Fatty acid composition and phase-transition temperatures of the cytoplasmic membrane. The actual insertion of bacteriocins into the lipid membrane of LAB might be influenced by membrane fluidity, which depends on the length of the acyl chains and the degree of saturation (53) . Therefore, the fatty acid composition of membrane lipids from sensitive and insensitive strains was determined. Each strain predominantly contained C 16:0 , C 16:1 , and C 18:1 , with the last fatty acid being the major component of each strain, and minor amounts of C 14:0 and C 18:0 . In addition, only the two L. sake strains contained one extra fatty acid with a chain length of Ͼ18 (data not shown). This unidentified compound most likely indicates the presence of 11,12-methylene octadeceonoic acid (⌬C 19:0 , lactobacillic acid), which has previously been identified in L. sake ATCC 15521 (DSM20017, Bac s L. sake) as the only fatty acid with a chain length of Ͼ18 (11) .
As an indication of membrane fluidity, we calculated the percentages of short acyl chains and saturated fatty acids for all four strains (Table 3) . Compared with the Pediococcus strains, the two L. sake strains contained a substantially higher percentage of short acyl chains and saturated fatty acids. Com- (Table 3) .
The in situ membrane fluidity of whole cells was studied by FTIR spectroscopy. The membrane phase-transition temperature, T m , and the beginning (T b ) and ending (T e ) temperatures of the melting curve were determined by plotting the symmetric CH 2 stretching band position against the temperature. The T m of the sensitive Pediococcus strain was considerably lower (⌬T m , 11.5°C) than the T m of the insensitive strain. By contrast, the T m of the sensitive L. sake strain was considerably higher than that of the insensitive strain (⌬T m , 9.6°C) ( Table  3) .
In short, both the fatty acid analysis and the in situ membrane fluidity measurements indicate that the membrane for the sensitive Pediococcus strain is more fluid than that for the insensitive strain. By contrast, the sensitive L. sake strain was found to have a membrane that was less fluid than that of the insensitive strain. Notably, a comparison of the two sets of organisms shows that the range over which the membrane phase transition occurs is broader for the sensitive strains than for the insensitive strains, as can be deduced from the increase between T e and T b (Table 3) .
DISCUSSION
We have investigated the susceptibilities of two sets of closely related LAB with large differences in sensitivity towards the bacteriocins nisin and pediocin PA-1. Strikingly, the bacteriocin-induced dissipation of the ⌬ of whole cells and the interaction of the bacteriocins with strain-specific lipids were similar for the sensitive and insensitive strains. Despite a dissipation of the ⌬, the insensitive strains were able to maintain high ATP in pools and high glycolytic rates below the MICs of these compounds. Furthermore, it became clear that the differences in bacteriocin sensitivity of the selected LAB could not be explained only by the variation in their membrane lipid composition. In this respect, our findings suggest an important role for the overall membrane constitution in the determination of LAB sensitivities towards nisin and pediocin PA-1.
Both nisin and pediocin PA-1 are known to induce the dissipation of the ⌬ and chemical gradients of ions, which directly disturb membrane-associated energy-transducing processes in target cells. In addition, pore formation by bacteriocins may affect energy generation by an efflux of glycolysis intermediates and/or reduced enzyme activities after intracellular acidification (6, 8, 10, 16, 49) . The bacteriocins were shown to cause a depletion of the ATP in pools and a reduction of glycolysis rates at concentrations similar to the MICs for the selected LAB. Consistent with the results of previous studies (1, 58), nisin concentrations above the MICs for each strain induced a rapid, nearly total efflux of ATP (M r , 507), indicating that the energy depletion and reduced glycolysis are primarily determined by the efflux of essential metabolites. Furthermore, our results agree with predictions that nisin induces the formation of pores with a maximum diameter of 0.9 nm, allowing the passage of molecules with molecular masses up to 500 Da (50) .
In contrast to nisin, pediocin PA-1 did not induce ATP leakage above concentrations that caused complete growth inhibition. Evidently, the size exclusion limit of pediocin PA-1-induced pores is smaller than 500 Da. The stronger depletion of ATP in pools by pediocin PA-1 compared with that by the protonophore CCCP implies that this bacteriocin also affects ion gradients other than protons, possibly coinciding with the efflux of essential metabolites (Ͻ500 Da). This suggestion agrees with the findings of Chen and Montville (8) . The observed reduction of the pool size of ATP can be explained by the accelerated consumption of ATP to regenerate the decreased PMF and/or by a shift in the equilibrium of ATP hydrolysis resulting from an efflux of phosphate (1, 24) .
The dissipation of the proton gradient was studied by the use of the protonophore CCCP, which acts as a monomeric proton shuttle (28) . At a low pH, this compound caused a reduction of the glycolysis rates of both L. sake strains, probably because of an inhibition of the glycolytic enzymes at the observed reduced intracellular pH. By contrast, the glycolysis of the Pediococcus strains was not affected by this protonophore, indicating that these organisms are less sensitive to internal pH variation. At a neutral pH, the CCCP-induced reduction of the ATP in pools indicated an enhanced use of ATP to regenerate the PMF. The effect of this compound on the glycolysis and ATP in pools was comparable for the sensitive and insensitive cells for both sets of strains, and only twofold-higher concentrations of CCCP were required to kill insensitive strains compared with those for their sensitive counterparts. The insertion of this protonophore into the cytoplasmic membrane is therefore thought to take place in a similar way for each of the selected strains.
Importantly, the exposure of the sensitive and insensitive strains to either nisin or pediocin PA-1 resulted in a similar concentration-dependent dissipation of the ⌬ in these cells that manifest 100-to 1,000-fold differences in bacteriocin sensitivity. Whereas the perturbation of the cytoplasmic membrane upon exposure to low concentrations of bacteriocins caused rapid energy depletion in the sensitive strains, the glycolysis rates and ATP in pools of the insensitive cells appeared to be unaffected. As opposed to the results for CCCP, these results suggest that nisin and pediocin PA-1 molecules interact differently with the cytoplasmic membranes of sensitive and insensitive strains. The ⌬ measurements indicated that the accessibility of the cytoplasmic membrane to the bacteriocins was not impaired for the insensitive strains. This finding ex-cludes the possibility of a role for the cell wall in the high bacteriocin tolerance of these strains, as has been proposed for the acquired nisin resistance of Listeria monocytogenes (13, 39) . Our findings further indicate that the inactivation of bacteriocins by proteases does not underlie the mechanism of the bacteriocin resistance of Bac r L. sake and P. pentosaceus. It is unlikely that the observed differences in sensitivity are related to the presence of putative immunity genes in the insensitive strains. To date, strains which express immunity genes towards a specific bacteriocin have been reported not to exhibit a loss of ⌬ when they are exposed to the respective bacteriocin (10, 22, 55) . The insensitive strains in this study, however, showed a dissipation of ⌬ when they were exposed to bacteriocins, even at low concentrations. In addition, immunity to a specific bacteriocin has been reported only for strains that produce the cognate bacteriocin (2, 36, 47, 56) . In this respect, we have shown that the stains we studied are nonbacteriocinogenic.
The first step in bacteriocin pore formation involves the hydrophobic and electrostatic interactions of these cationic molecules with the phospholipid bilayer, which may account for the local disorganization of membrane phospholipids (15, 16) . In our monolayer studies, we identified substantial nisininduced changes in the pressure strain-specific lipid films with initial surface pressures of 30 to 35 mN/m, which are believed to be relevant for biological membranes (14) . On the other hand, pediocin PA-1 did not induce an increase in pressure under these conditions, whereas a slight increase was observed at lower initial surface pressures. Considering that the above experiments were conducted in the absence of membrane proteins, these results agree with the findings that nisin acts in a receptor-independent way (16, 20) , whereas pediocin PA-1 is believed to require membrane-associated protein receptors (10) . Despite differences in the diacyl head group compositions of the sensitive and insensitive strains investigated, no significant differences were observed between the interactions of nisin or pediocin PA-1 with the respective lipid monolayers. In a similar monolayer study, Demel et al. (15) demonstrated that nisin had a high affinity for anionic phospholipids, while it exhibited low interaction with neutral or Zwitterionic phospholipids or glycolipids. Since the sensitive and insensitive strains in the current study varied mainly in their neutral and glycolipid compositions, this might explain our finding of the similar interactions of the bacteriocins with strain-specific lipids.
The actual pore formation by bacteriocins may be influenced by their biochemical characteristics, concentration, and ⌬ (8-10, 16, 21, 50). To explain differences in bacteriocin sensitivities among bacteria, Ming and Daeschel (42) have recently postulated a role of membrane fluidity. Wherein a more compact membrane, as determined by its membrane acyl chain composition, was suggested to affect the action of nisin. Our data indicate higher membrane fluidity for Bac s P. dextrinicus than for Bac r P. pentosaceus. In line with the above hypothesis, a less compact membrane of the sensitive Pediococcus strain might facilitate pore formation by bacteriocins. However, a similar explanation does not hold true for the sensitivity of the L. sake strain, since the insensitive L. sake strain had a more fluid membrane. Interestingly, though, the temperature range for the membrane phase transition was considerably broader for the sensitive strains than for their insensitive counterparts. This result might indicate that the membrane of the sensitive L. sake is less homogeneous, which in turn might enhance the pore-forming action of bacteriocin molecules.
It is likely that the association of bacteriocins with the cell membrane, followed by the insertion of these compounds, takes place in a similar way for sensitive and insensitive cells. This speculation was supported by the similar interactions of nisin or pediocin PA-1 with strain-specific lipid monolayers, their comparable effects on the ⌬ of whole cells, and by the comparable action of CCCP on the LAB strains which was independent of the aggregation of molecules (28) . However, the aggregation of bacteriocin monomers in oligomeric structures appeared to occur more efficiently in the membranes of sensitive cells than in those of insensitive cells. This assumption is strengthened by the observation that the perturbation of the cytoplasmic membrane by low bacteriocin concentrations caused rapid ATP depletion only in the sensitive strains. We suggest that not only membrane fluidity but also overall membrane constitution, in which membrane proteins can affect lipid ordering (18) , might influence the pore-forming activity of bacteriocins. In this respect, the formation of transient, multistate pores with varying diameters, rather than uniform pores, has been demonstrated in planar lipid bilayers for various lanthionine-containing bacteriocins (11, 35, 50) . Whereas our data indicate that the selected LAB strains with a natural high tolerance towards bacteriocins cannot hinder the insertion of bacteriocin monomers, the overall composition of their membranes may preclude the formation of pores with sufficient diameters and lifetimes to ultimately cause cell death. Clearly, the in vivo formation of pores by bacteriocins in the cytoplasmic membranes of intact cells is a multifaceted and complex phenomenon. Having provided evidence that naturally occurring differences in bacteriocin susceptibilities cannot be explained only by variation in membrane lipid composition, we suggest that further in-depth analysis of this phenomenon requires focusing on the role of membrane proteins in the constitution of biological membranes.
